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Abstract: As an ideal hydrogen production route, electrolyzed water still faces the challenges of high cost of 
noble-metal electrocatalysts and low performance of non-noble-metal catalysts in scalable applications. Recently, 
introduction of external fields (such as magnetic fields, light fields, etc.) to improve the electrocatalytic water 
splitting performance of non-noble-metal catalysts has attracted great attention due to their simplicity. Here, a 
simple method for preparing magnetic superstructure (NiFe2O4 @ MOF-74) is described, and the HER behavior of 
its carbonized derivative, a ferromagnetic superstructure, is revealed in a wide range of applied voltage under an 
AC magnetic field. The overpotential (@ 10 mA cm-2) required for HER of the ferromagnetic superstructure in 1 M 
KOH was reduced by 31 mV (7.7 %) when a much small AC magnetic field (only 2.3 mT) is applied. Surprisingly, 
the promotion effect of the AC magnetic field is not monotonically increasing with the increase of the applied 
voltage or magnetic field strength, but increasing first, then weakening. This unusual behavior is believed to be 
mainly caused by the enhanced induced electromotive force and the additional energy by the applied AC magnetic 
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1 Introduction 
The depletion of heavily used fossil fuels as well as its adverse impact on the environment has stimulated 
continuous efforts to explore novel eco-friendly technologies. Electrocatalytic water splitting is considered a very 
promising strategy for mitigating the energy crisis and environmental issues1-2. Electrocatalytic water splitting is 
composed of two half reactions of hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) 3-4, 
and the theoretical minimum decomposition voltage is 1.23 V. However, in practice, an additional potential, namely 
overpotential, is required to achieve the desired current density due to the slow kinetics5. It is a proven strategy to 
reduce the overpotential via using an electrocatalyst. Noble metal-based electrocatalysts represented by 
platinum-based, ruthenium-based and iridium-based have demonstrated excellent performance but expensive and 
scarce in reserves, which have largely limited their commercial applications6. Therefore, more and more 
researchers are focusing on inexpensive transition metal-based electrocatalysts7-8.  
In previous studies, it has been demonstrated that external magnetic fields may affect the electron spin of 
catalysts and the migration of charge in solution in electrochemical reactions9-11. Research by J.A. Koza et al.12-13 
shows that the magnetic fluid convection caused by Lorentz force in the magnetic field can promote the circulation 
of the electrolyte and accelerate the separation of air bubbles and electrode. Also, the results of KunPeng et al.14 
show that Co3O4 / NF exhibits higher OER performance in a DC magnetic field, and it is interpreted as the 
magnetohydrodynamic effect and the improved spin energy state of the electrons caused by DC magnetic field. 
Therefore, it is a reasonable and feasible attempt to adjust the performance of magnetic electrocatalyst via external 




mainly focused on DC magnetic field15-16. The effects of AC magnetic field (ACMF) on electrocatalytic water 
splitting for HER are rarely reported17. Also, the intrinsic relationship of ACMF to the activity of HER is unclear. 
Hierarchical superstructure with synergistic and enhanced optical, electrical, and magnetic properties have 
attracted great attention in the fields of catalysis, energy storage, optics, sensing, and drug transportation18-20 
because 3D superstructure constructed from low-dimensional materials can obtain some special advantages while 
retaining their basic properties21-22. To date, many materials such as highly organized building blocks of metals23, 
metal-organic frameworks (MOFs) 24 and semiconductors25-26 have been used to construct 3D superstructure.  
In recent years, MOFs have attracted widespread attention in the field of energy as templates27-29. Herein, a series 
of large-curvature ordered magnetic 3D superstructure NiFe2O4 @ MOF-74 were fabrication by adjusting the 
content of NiFe2O4 nanoparticles (NFO NPs) and citric acid. The ferromagnetic 3D superstructure Fe0.64Ni0.36 / 
Fe-Ni-MgO @ C was obtained during subsequent heat treatment, and the pyrolyzed material showed significantly 
enhanced HER performance. A schematic of the preparation process of 3D superstructure NiFe2O4 @ MOF-74 and 
experimental setup are summarized in Scheme 1. In addition, the effect of ACMF on the electrocatalytic activity for 
HER was investigated with ferromagnetic superstructure as an example. The results showed that the ferromagnetic 
superstructure all achieves a lower overpotential (@ 10 mA cm-2) under different ACMF, and its magnetic current 
density increased first and then decreased with the increase of the applied voltage or magnetic field strength. 
Subsequently, the novel phenomenon was explained in combination with calculations. Here, the magnetic current 





Scheme 1 Illustration of the formation of spherical superstructure of NiFe2O4 @ MOF-74 and its ferromagnetic 
derivative for HER with AC magnetic field 
2 Results and Discussion 
2.1 Fabrication of large-curvature ordered 3D superstructure NiFe2O4 @ MOF-74 
The crystalline structure of samples NM-0, NM-1/8, NM-1/4, and NM-1/2, which represent the composites 
formed by MOF-74 and 0 g, 0.075 g, 0.15 g, and 0.3g NiFe2O4, respectively, is analyzed via X-ray diffraction 
(XRD) as shown in Fig. 1(a). XRD patterns show that 2-theta diffraction peaks located at 6.7, 11.7, 21.7, 25.7, and 
31.7° appear in samples NM-0, NM-1/8, NM-1/4, and NM-1/2, which exactly matches the simulated diffraction 
pattern of reported structure of Mg-MOF-74 (Mg (H2O)2 (C8H4O6))30. However, the intensity of MOF-74 decreases 
with the increase of NFO NPs content, suggesting worsening crystallinity. In addition, samples NM-1/8, NM-1/4, 
and NM-1/2 display several new 2-theta diffraction peaks at 30.3, 35.7, and 43.4°, corresponding to the (220), 
(331), and (400) crystal planes of spinel structure NiFe2O4 (PDF#54-0964)31, respectively, which implies the 
successful synthesis of NiFe2O4 @ MOF-74 composites. To be more intuitive, TEM images of NFO NPs and 
sample NM-1/2 are exhibited in Fig. 1(b) and (c), respectively. Some dark particles (3-4 nm in diameter) 
considered to be NFO NPs are uniformly dispersed in the matrix of sample NM-1/2 and become smaller than 
original NFO NPs (5-7 nm in diameter), which indicates that NFO NPs has partially dissolved as Eq. 132-33. 
Hydrothermal 2 3
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The surface compositions and the oxidation states of sample NM-1/2 are further characterized by XPS analysis. 
And the signals of Mg 1s, Fe 2p, Ni 2p, O 1s, and C 1s are all detected (Fig. 1(d)). As shown in high resolution 
spectra of Fe 2p and Ni 2p, the presence of Fe ions is confirmed by two peaks at 710.1 and 723.5 eV (Fe 2p3/2 and 
2p1/2) with an energy difference of 13.4 eV (Supporting Information, Fig. S3(a))34, presence of Ni ions is confirmed 
by two peaks at 854.2 and 871.9 eV (Ni 2p3/2 and 2p1/2) with an energy difference of 17.7 eV (Supporting 
Information, Fig. S3(b))35, repsectively. For more details, peaks at 709.9 and 711.5 eV of Fe 2p3/2 and 855.3 and 
858.0 eV of Ni 2p3/2 is known as NiFe2O4 phase (Fig. 1(f-g)) 36-37, and peak at 1303.4 eV of Mg 1s belongs to Mg2+ 
in Mg-MOF-74 (Fig. 1(e)) 30, 38. Moreover, peaks at 708.6 eV of Fe 2p3/2 and 853.9 eV of Ni 2p3/2 could be 
attributed to coordination of dissolved Fe ions and Ni ions with DHTA39 as described in Eq. 2, respectively.  
2 2 3g ( g, , )- -74M Ni Fe DHTA M Ni Fe MOF       Eq. 2 
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Figure 1 (a) XRD patterns of samples NM-0, NM-1/8, NM-1/4, and NM-1/2; TEM images of NFO NPs (b) and 
sample NM-1/2 (c); (d) XPS wide spectrum and (e) Mg 1s, high resolution spectra of (f) Fe 2p3/2,  
and (g) Ni 2p3/2 for sample NM-1/2 





NM-1/4, and NM-1/2. As shown in Fig. 2, a rapid increase of N2 adsorption at lower relative pressure and a 
noticeable hysteresis loop in a high relative pressure region of 0.4-1.0 are observed in the N2 sorption isotherms of 
samples NM-0, NM-1/8, NM-1/4, and NM-1/2, and the pore size distribution of these samples all exhibit two peaks, 
demonstrating the existence of hierarchical pore structure of those samples22, 40. However, samples NM-1/8, 
NM-1/4, and NM-1/2 shows lower BET surface areas than that of sample NM-0 due to their low crystallinity but 
larger pore volumes (Table 1) caused by the dissolution of NFO NPs creating additional voids nearby41-42. 
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Figure 2 (a) N2 adsorption / desorption isotherms and (b) pore size distribution of samples NM-0, NM-1/8, NM-1/4, 
and NM-1/2 
Table 1 BET surface areas and pore volumes of samples NM-0, NM-1/8, NM-1/4, and NM-1/2 
Sample NM-0 NM-1/8 NM-1/4 NM-1/2 
BET surface areas (m2 g-1) 415.2 202.6 239.2 312.8 
pore volumes (cm3 g-1) 0.24 0.27 0.34 0.38 
Fig. 3 reveals the effect of NFO NPs on the morphology of MOF-74 via FE-SEM images. Sample NM-0, pure 
Mg-MOF-74, shows ellipsoidal morphology consisting of prismatic MOF-74 sub-micron rods; while samples 
NM-1/8, NM-1/4 and NM-1/2 all show novel spherical superstructure with an average diameter of approximately 6 
μm, furthermore, samples NM-1/8 and NM-1/4 display a dandelion-like spherical superstructure with a thick and 
thin prismatic secondary structure, respectively, while sample NM-1/2 exhibits a hollow urchin-like spherical 
superstructure with a needle-like secondary structure. Series of reference samples were synthesized to demonstrate 




MM-1/8 and MM-1/16 also form spherical superstructures (Supporting Information, Fig. S4), indicating that low 
concentration of dissolved Fe and Ni ions play the key role on the formation of this superstructure. Moreover, the 
introduction of metal ions via the dissolution of NFO NPs could keep the local concentration of metal ions at a 
certain concentration, thereby promoting the formation of the uniform superstructures. 
Time-dependent experiments of sample NM-1/2 were produced to further understand the formation process of 
the spherical superstructure (Supporting Information, Fig. S5). It can be seen that at the initial stage, MOF-74 
nucleated on the surface of NFO NPs, and then agglomerated into the spherical particles. In the subsequent growth 
process, the spherical particles formed hollow structure explained by Ostwald ripening theory43-44. Especially, 
samples NM-1/8 and NM-1/4 also possess hollow structures but a smaller aperture (Supporting Information, Fig. 
S6), caused by a lower NFO NPs content resulting in a reduced amount of heterogeneous nucleation and a lower 
total surface energy. At the same time, the spherical particles began to split and grow in three dimensions from the 
surface until a complete 3D superstructure was formed39, 45-46. 
Sample NC-1/2 is obtained after the carbonization of sample NM-1/2 in an argon atmosphere at 800 °C, which 
possess a hollow spherical superstructure, composed of ordered rod-like secondary structure as shown in Fig. 4(b-c) 
and Fig. 4(d-e), similar to sample NM-1/2, indicating that the urchin-like morphology is well inherited during the 
    
    
Figure 3 FE-SEM images of samples NM-0 (a, e), NM-1/8 (b, f), NM-1/4 (c, g), and NM-1/2 (d, h) 
(c) (a) (b) (d) 




carbonization process. XRD pattern of sample NC-1/2 displays five strong peaks (Fig. 4(a)), where the peaks at 2θ 
= 43.7°, 50.9°, and 74.7° are assigned to ferromagnetic Fe0.64Ni0.36 (PDF#47-405)47-48 and the peaks at 2θ = 42.7° 
and 62.0° corresponds to MgO (PDF#45-0946)30, respectively. A little shift of the 2θ diffraction peaks of MgO 
toward low value are noticed, which is attributed to the doping of Fe ions and Ni ions and further verifies in Eq. 2. 
Only weak NiFe2O4 (PDF#54-0964) peaks are observed due to most of NiFe2O4 particles being reduced to 
Fe0.64Ni0.36 during carbonization process47-48. The detailed structure of sample NC-1/2 was characterized by 
HR-TEM and HAADF-STEM and shown in Fig. 4(f), which exhibited limited graphitized carbon (the total carbon 
content in sample NC-1/2 is 4.6 wt.% according to the weight loss of the sample NC-1/2 after immersing three 
times with 17% HCl for total 12 h at 80 °C.). Furthermore, the observed lattice spacing of 0.212 nm in Fig. 4(g) 
(partial enlarged view of Fig. 4(f)) corresponds to the (2 0 0) plane of MgO, which is slightly larger than that of 
standard MgO30 due to the doping of Fe and Ni. The extra lattice spacing of 0.204 nm was found in Fig. 4(h) 
(partial enlarged view of Fig. 4(f)), which is in good agreement with the (1 1 1) plane of Fe0.64Ni0.3647. Elemental 
mapping analysis further clarified the uniform distribution of Mg, Fe, Ni, O, and C elements (Fig. 4(i-n)). 





























      
Figure 4 (a) XRD pattern of sample NC-1/2; (b, c) SEM images of sample NC-1/2; 
(d-h) TEM and HRTEM images of sample NC-1/2; (i) HAADF-STEM images of NC-1/2 and corresponding 
elemental mapping images of (j) Mg, (k) Fe, (l) Ni, (m) O, and (n) C elements 
N2 adsorption / desorption isotherms and pore size distribution of sample NC-1/2 are analyzed and shown in Fig. 
5(a). Sample NC-1/2 owns a low BET surface area of 10.9 m2 g-1 and pore volume of 0.05 cm3 g-1, mainly 
contributed by mesopores (inset of Fig. 5(a)), confirming a completely destroyed crystal structure of sample 
NM-1/2. The generation of mesopores is conducive to charge transfer and mass transportation49. Fig. 5(b) shows 
the Raman spectrum of sample NC-1/2, and two typical D and G peak of carbon located at 1343 cm-1 and 1586 
cm-1 were observed50. The value of IG/ID in sample NC-1/2 is calculated to be 0.65, suggesting the limited 
graphitized carbon, which can be noticed in HRTEM (Fig. 4(f)). In addition, the magnetic properties of samples 
NM-1/2 and NC-1/2 were measured. As shown in Fig. 5(c), sample NC-1/2 achieves much higher saturation 
magnetization of 57.8 emu g-1 than that of sample NM-1/2 (12.2 emu g-1). 
Surface chemical compositions of sample NC-1/2 are further studied by XPS analysis. Mg 1s, Fe 2p, Ni 2p, O 1s, 
and C 1s are all detected (Fig. 5(d)). As shown in Fig. 5(e), the Mg 1s peak can be split into two individual peaks 
centered at 1301.7 and 1303.1 eV, being attributed to Mg2+ in periclase MgO structure and Mg2+ in strong 
interaction with metal atoms in Mg-O-metal bonds (metal = Fe, Ni)51, respectively, being consistent with XRD 
results (Fig. 4(a)). The Fe 2p3/2 spectra of sample NC-1/2 (Fig. 5(f)) show three peaks centered at 705.2, 708.8 and 
710.7 eV, corresponding to Fe0, Fe2+, and Fe3+, respectively, suggesting the surface oxidized Fe species52. And Ni 
2p3/2 peak of sample NC-1/2 (Fig. 5(g)) can be split into four individual peaks centred at 850.9, 852.9, 854.3, and 
857.2 eV, being attributed to the Ni0, Ni 2+ in surface oxidized Ni species, Ni 2+ in Ni-O-Mg bonds, and Ni3+, 
respectively39, 53.  

































































































































































Figure 5 (a) N2 adsorption / desorption isotherms and pore size distribution curves of sample NC-1/2; 
(b) Raman spectrum of sample NC-1/2; (c) Hysteresis loops of samples NM-1/2 and NC-1/2 
(d) XPS wide spectrum and high resolution spectra of (e) Mg 1s, (f) Fe 2p3/2, and (g) Ni 2p3/2 of sample NC-1/2 
2.2 Hydrogen Evolution Reaction of the Electrocatalysts 
The HER performances of all samples were investigated in 1 M KOH solution. Fig. 6(a) shows the polarization 
curves of all samples with iR correction. Sample NM-0, pure Mg-MOF-74, shows the worst HER activity with an 
overpotential (@ 10 mA cm-2) of 696 mV due to the poor conductivity of MOFs, while samples NM-1/8, NM-1/4, 
and NM-1/2 all owns a smaller overpotential of 671 mV, 649 mV, 615 mV, respectively. Particularly, sample 
NC-1/2 achieves the smallest overpotential of 403 mV at the current density of 10 mA cm-2. Tafel slopes obtained 
from LSV curves are shown in Fig. 6(b-c). The Tafel slope of sample NC-1/2 is 106 mV dec-1, much lower than 
that of samples NM-0 (268 mV dec-1), NM-1/8 (181 mV dec-1), NM-1/4 (147 mV dec-1), and NM-1/2 (141 mV 
dec-1), suggesting its enhanced HER kinetics54-55.  
The Nyquist curves shown in Fig. 6(d) indicate that sample NC-1/2 displays the smallest semicircle diameter 




related to the form of MgO with poor electrical conductivity (the content of MgO in the sample is 39.8 wt.%. The 
calculation details are shown in Supporting Information). Besides, electrochemically active surface areas (ECSA) 
estimated by Cdl is also used to evaluate the HER activity of samples49. As shown in Fig. 6(e), sample NC-1/2 
exhibits a Cdl value of 5.41 mF cm-2, much larger than those of samples NM-0 (1.42 mF cm-2), NM-1/8 (1.29 mF 
cm-2), NM-1/4 (1.83 mF cm-2), and NM-1/2 (2.84 mF cm-2), supporting its excellent HER activity28, 49. The stability 
of sample NC-1/2 is tested at a current density of 10 mA cm-2, which is shown in Fig. 6(f). It is clear that sample 
NC-1/2 can keep HER activity for more than 12 h. 
Above results shows that NFO@MOF-74 all display a better HER performance than sample NM-0 (the order is 
NM-1/2 > NM-1/4 > NM-1/8 > NM-0), which comes down to the introduction of NFO NPs leading to improved 
conductivity, and larger pore volumes of hierarchical superstructures promoting mass transfer49. Moreover, sample 
NC-1/2 provides the best HER activity, which is attributed to the production of graphitized carbon and Fe0.64Ni0.36 
alloy of improving the electrical conductivity and promote the charge transfer rate50, and amorphous carbon of 
providing the additional active sites during the carbonization process54. 
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Figure 6 (a) LSV curves with iR correction for HER and (b) corresponding Tafel slopes of all samples in 1 M KOH 
solution; (c) Summary of overpotential (@ 10 mA cm-2) and Tafel slopes for each sample; (d) Nyquist curves and 
(e) Cdl plots of all samples; (f) Stability test of sample NC-1/2 at 10 mA cm-2 
In addition, the HER performance of samples NM-0, NC-1/2 and NFO NPs in a wide range of applied voltage 
was tested under different ACMF (Supporting Information, Table S1) and shown in Fig. 7(a-b) and Fig. S7 
(Supporting Information, Fig. S7). Fig. 7(c) demonstrates that sample NC-1/2 all performs a smaller HER 
overpotential (@ 10 mA cm-2) in the presence of different ACMF. Especially, sample NC-1/2-5 achieves the 
smallest overpotential of 372 mV under a much small ACMF of 2.3 mT, which is reduced by 7.7 % compared with 
no ACMF. Fig. 7(d) reveals the magnetic current density (jM) of sample NC-1/2 in 1 M KOH solution under 
different ACMF. It can be found that the reduction peak of metal ions moves to the low voltage region under the 
ACMF. Interestingly, there exists critical magnetic induction intensity (BL). The magnetic current density increases 
with the increase of the magnetic induction intensity (B) when B < BL, and the opposite result is obtained during the 
HER process while B > BL. That’s to say, it is not that the greater the AC magnetic field strength, the higher the 
HER activity. Moreover, the magnetic current density does not increase monotonously with the increase of applied 
voltage, but increases first in the voltage range of -0.27 V ~ -0.43 V, and then decreases in a zigzag manner within 
the voltage range of -0.43 V ~ -0.57 V. Furthermore, sample NM-0 and NFO NPs both showed similar results. 

























    

















































































    

























Figure 7 (a-b) LSV curves with iR correction for HER; (c) Histogram of overpotential (@ 10 mA cm-2) and     
(d) Magnetic current density of sample NC-1/2 in 1 M KOH solution under different ACMF 
Here, the unusual HER behavior under an ACMF was studied from a thermodynamic perspective. Scheme 2 
showed the schematic diagram of the electrolysis cell and the electrode energization (E0) after adding ACMF. 
Firstly, the magnetic catalyst could generate heat under ACMF17. Secondly, ACMF could generate an induced 
electromotive force (EB) that changes with the magnetic field in electrocatalysts according to Lenz's law. In 
particular, when a changing current passes through the electrode, an induced electromotive force (EΔI) in the 
opposite direction will be generated on the electrode. Finally, the Lorentz force FL could change the original motion 
path of the charge / ion under the ACMF and promote the migration of the charge in the electrode phase and the 
solution phase14, which is equivalent to adding an extra voltage (EF) to the electrode. The changing trend of various 
electromotive forces was described in Fig. 8(a). Also, the ACMF can provide additional energy57. Therefore, the 
total free-energy change consists of three parts under the ACMF: the thermal Gibbs free energy ΔGT (T), the electric 
Gibbs free energy ΔGE (T, E), and the magnetic Gibbs free energy ΔGB (T, B), as shown in Eq. 3. 
T B EG G G G        Eq. 3 





B VG B     Eq. 4 
Where μ0 is the vacuum permeability, H / m; χv is the volume magnetic susceptibility of the substance; and B is 




And the electric Gibbs free energy can be expressed as: 
 0E B I FG zFE zF E E E E         Eq. 5 
Where z is the number of transferred electrons in the reaction, F is the Faraday constant, E is the electromotive 
force of the reaction. 
As a reaction of increasing entropy, the thermal Gibbs free energy (ΔGT) decreases as the temperature increases, 
and a negative magnetic Gibbs free energy (ΔGB) is obtained when a magnetic field is applied, which also can 
promote HER57. Fig. 8(b) illustrated the change trend of ΔGT, ΔGB, ΔGE, and ΔG. As shown in Fig. 8(b), while E0 
< E0 (jM max), at this time, ΔGE (EΔI + EB + EF) < ΔGT + ΔGB, the positive effect of the magnetic field is greater than 
its negative effect, which manifests as an accelerated HER. When the applied voltage continues to increases (E0 > 
E0 (jM max)), the magnetic current density begins to weaken due to ΔGE (EΔI + EB + EF) > ΔGT + ΔGB. Especially, 
ΔG reaches the minimum value at E0 (jM =0), the magnetic current density returns to zero, implying that the 
promotion effect of ACMF on HER is completely eliminated. As the applied voltage increases (E0 < E0 (jM =0)) or 
the magnetic field strengthens (B > BL), an increasing ΔG is gained, which could suppress HER, confirmed by a 
positive magnetic current density. Therefore, the key to promoting HER is the appropriate magnetic field and the 
proper applied voltage. 
 
































Figure 8 Changing trends schematic diagram of various electromotive forces (a) and ΔG (b) under ACMF 
3 Conclusions 
 In summary, a novel strategy was proposed for the synthesis of a magnetic spherical superstructure NiFe2O4 @ 
MOF-74 composed of sub-micron rods by dissolving NFO NPs. And a morphology-preserved ferromagnetic 
superstructure was obtained in the subsequent carbonization process and exhibited a lower overpotential (403 mV 
@ 10 mA cm-2) than that of NiFe2O4 @ MOF-74. With the application of an AC magnetic field, the overpotential 
(@ 10 mA cm-2) for HER decreased first with the increase of the magnetic field strength and then increased. The 
ferromagnetic superstructure achieves the smallest overpotential (372 mV @ 10 mA cm-2) when an AC magnetic 
field of 2.3 mT is applied. Besides, a positive effect first appeared, and then weakened, and a negative effect was 
finally observed as the applied voltage increased, which was attributed to the increasing induced electromotive 
force and changing Gibbs free energy caused by the applied AC magnetic field. This work helps to more 
comprehensively understand the effect of external magnetic field on the performance of electrocatalyst for HER, 
which has wide potential applications in the field of electrocatalysis. 
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